During endocytosis, molecules are internalized by the cell through the invagination of the plasma membrane. Endocytosis is required for proper cell function and for normal development in Drosophila. One component of the endocytic pathway is the retromer complex, which recycles transmembrane proteins to other parts of the cell such as the plasma membrane and the trans-Golgi network. Previous studies have shown that mutations to the retromer complex result in developmental defects in Drosophila. In humans, retromer dysfunction has been implicated in Alzheimer's and Parkinson's disease, but little is known about the role of the retromer complex in Drosophila oogenesis. In the current project, we examined the role of the retromer protein Vps26 in oogenesis by characterizing the phenotype of vps26 germline clones. Immunofluorescence was used to visualize the expression of membrane proteins and vesicular trafficking markers in mutant egg chambers. We find that vps26 germline clones exhibit a signaling defect between the germline cells and follicle cells indicated by an increase in LysoTracker staining of the border cells in the mutants. We show that this signaling defect in vps26 mutants may be the result of impaired Notch signaling based on the misexpression of multiple proteins in the Notch signaling pathway in vps26 mutants.
Introduction
Drosophila melanogaster oogenesis is often used as a model system for studying numerous developmental processes including intercellular signaling, cell differentiation, and the establishment of an anteriorposterior axis through the interaction between the cytoskeleton, mRNAs, and proteins (reviewed in McLaughlin and Bratu, 2015) . Drosophila oogenesis begins in the germarium of an ovariole with the asymmetric division of germline stem cells into cystoblasts, which undergo four rapid mitotic divisions with incomplete cytokinesis to form an interconnected, 16-cell egg chamber (reviewed in Hudson and Cooley, 2014) . Of these 16 cells, one cell becomes the oocyte, and the other 15 cells differentiate into nurse cells with polyploid nuclei. The egg chamber undergoes 14 morphologically distinct stages of development that result in the formation of a fully formed ovum. As the oocyte develops, RNAs, proteins, and organelles are transported to the oocyte through ring canals, the cytoplasmic bridges that connect the nurse cells. The entire germline egg chamber is surrounded by a layer of somatic follicle cells, which are in continuous communication with the germline cells throughout development via complex intercellular signaling interactions (reviewed in Dobens and Raftery, 2000) . A subpopulation of follicle cells called the border cells emerges from the anterior end of the egg chamber during stage 8 and migrates toward the oocyte by stage 10, a process that is mediated through signaling between the border cells and the germline cells (reviewed in Saadin and Starz-Gaiano, 2016) .
One mechanism that modulates germline and follicle cell signaling during oogenesis is endocytosis (Devergne et al., 2007) . Endocytosis is important for multiple developmental processes such as the maintenance of homeostasis, the uptake of nutrients, and the regulation of signal transduction pathways, among others (Olswang-Kutz et al., 2009) . A key component of the endocytic pathway is the retromer complex, which redirects transmembrane proteins from the lysosomal degradative pathway to the recycling pathway, in which proteins are distributed to other cellular components such as the trans-Golgi network (TGN) or the plasma membrane. The retromer complex is composed of two subcomplexes: the cargo-selective complex (CRC), which contains the proteins Vps26, Vps29, and Vps35; and the membrane deforming complex, a heterodimer composed of sorting nexin proteins (Maruzs et al., 2015) . The association of these two subcomplexes then determines which transmembrane protein is selected and the endocytic pathway to which this transmembrane protein is directed (Wang and Bellen, 2015) .
A role for retromer proteins in modulating cell signaling has been demonstrated in studies of Wntless (Wls) trafficking. Wls is required for the secretion of Wingless (Wg), a protein from the Wnt family that plays a critical role in development and homeostasis. Retromer lossof-function studies in Drosophila wing discs have shown that the interaction between the retromer complex and Wls is critical to proper Wg signaling. In one model that illustrates the interaction between Wls and the retromer complex, Wg signaling is initiated when Wg travels from the endoplasmic reticulum to the Golgi and subsequently binds Wls. Wls then transports Wg to the cell surface for secretion and is subsequently internalized in endosomes via endocytosis. When the retromer complex is present, it interacts with Wls and recycles Wls back to the TGN. However, when the retromer complex is absent, Wls gets degraded in lysosomes (Belenkaya et al., 2008; Port et al., 2008; Franch-Marro et al., 2008) . Improper Wg/Wnt signaling has many developmental repercussions, one of which includes defective wing development.
The role of the retromer complex has been additionally characterized in Drosophila larval fat bodies. Maruzs et al. (2015) found that larval fat body cells with impaired retromer function exhibited improper autophagic degradation, indicated by the accumulation of enlarged late endosomes and lysosomes in Vps26 and Vps35 knockdown cells. The study also suggested that these enlarged endosomes could be the result of improper transport of lysosomal enzymes to the lysosomes, as Vps35 knockdown cells exhibited abnormal expression of the lysosomal hydrolase cathepsin L. These results further reveal the importance of the retromer complex in vesicular trafficking during development.
While mutations to the retromer complex have been shown to cause developmental defects in Drosophila, retromer dysfunction is also detrimental to humans. Retromer defects have been implicated in Alzheimer's and Parkinson's disease, both of which may result from decreased levels of retromer proteins (Wang and Bellen, 2015) . In Alzheimer's, retromer proteins are necessary for the proper regulation of the amyloid β peptide, which is overproduced in Alzheimer's patients. Alzheimer's patients have decreased levels of Vps26 and Vps35 in the brain, which may lead to the improper recycling of SorLA, a protein that is normally responsible for trafficking amyloid precursor proteins from endosomes to the Golgi (Small and Gandy, 2006) . Similarly, retromer proteins have been shown to play a role in preventing the accumulation of α-synuclein, which is upregulated in most cases of Parkinson's disease. In Drosophila, reduced levels of the retromer subunit Vps35 have been implicated in the defective recycling of CI-MPR, thus causing α-synuclein to accumulate in endolysosomal compartments through the improper regulation of the lysosomal enzyme cathepsin D (Miura et al., 2014) . These results not only show that the retromer complex is conserved in humans and is involved in similar processes as in Drosophila, but that it also plays a critical role in vesicular trafficking that, when impaired, may lead to pathogenesis.
While the role of the retromer complex has been studied in humans and in the later stages of Drosophila development, little is known about the role of the retromer complex during Drosophila oogenesis. In the current project, we studied the role of the retromer protein Vps26 in oogenesis by examining the phenotype of vps26 B germline clones. We find that vps26 mutants exhibit nurse cell membrane degradation in addition to other egg chamber abnormalities, including defective follicle cell organization. Our results also show an increase in lysosomal degradation in the border cells of the mutants, which suggests that there is a signaling problem between the germline and follicle cells. Further, we show that this signaling defect may be the result of improper regulation of the Notch signaling pathway, indicated by the misexpression of intracellular Notch, Delta, and Cut in vps26 mutants. The role that Vps26 plays in regulating the Notch signaling pathway may have developmental consequences throughout oogenesis, including the improper differentiation of follicle cells and defective formation of dorsal appendages.
Results

vps26 egg chambers exhibit defects in actin and follicle cell organization
To examine the function of Vps26 during oogenesis, the FLP/FRT system was used to generate germline clones for vps26 using a lethal point mutation (vps26 B ). Germline clones exhibited multiple defects in oogenesis, including aberrations in actin, membrane, and follicle cell organization. Early and mid-oogenesis appeared largely normal, but defects were observed in~75% of egg chambers from stage 10 onward (n = 40). Approximately 40% of all vps26 B egg chambers exhibited some multinucleated nurse cells, indicated by a lack of actin separating individual nurse cells (Fig. 1A-B) . Loss of actin between nurse cells was accompanied by a loss of membrane, which was confirmed by staining with syntaxin or E-cadherin (data not shown). Some vps26 B egg chambers also contained nurse cells that bulged into the oocyte during stage 10 (38%, n = 40; Fig. 1E-F) . In addition to actin and membrane defects, mutant egg chambers exhibited aberrations in follicle cell organization, which were particularly apparent during stages 9-11. In wild type egg chambers, multiple follicle cell migration events occur throughout mid-oogenesis. First, a cluster of border cells bud off from the anterior end of the egg chamber during stage 8 and migrate posteriorly toward the oocyte until stage 10. Simultaneously, the main body follicle cells migrate posteriorly toward the oocyte during stage 9 such that they cover the oocyte by stage 10. Once posterior migration is complete, the columnar follicle cells become elongated and begin to ingress between the oocyte and the posteriormost nurse cells, a process referred to as centripetal migration (reviewed in Horne-Badovinac and Bilder, 2005) . While the timing of border cell migration was unaffected in vps26 mutants, centripetal cell migration was disrupted in 37% of egg chambers analyzed (n = 51) ( Fig. 1C-F) . Centripetal migration defects coincided with the nurse cell bulging phenotype described above, suggesting that bulging is a consequence of defective follicle cell ingression. Because follicle cell migration is often used as an indication of egg chamber stage, throughout our analyses, egg chamber stages were determined based on each egg chamber's length and width; additionally, stages 9-11 were based on the ratio of the oocyte length compared to the total egg chamber length (Spradling, 1993) .
Interestingly, the follicle cell migration phenotypes were observed in vps26 B germline clones, whose follicle cells are heterozygous for the vps26 mutation. Thus, the defects observed in the migrating follicle cells are likely the result of impaired intercellular signaling between the germline cells and the follicle cells, since we would not expect to see defects in a population of cells with a functional copy of vps26.
vps26 mutants have an increase in lysosomal staining of the border cells
Previous studies have shown that retromer dysfunction results in the accumulation of late endosomes and lysosomes in larval fat bodies (Maruzs et al., 2015) . To examine whether a similar phenotype is observed during oogenesis in vps26 mutants, we stained egg chambers with LysoTracker Red (LTR), a dye that binds to highly acidic organelles such as lysosomes. In stage 9 egg chambers, vps26 mutants exhibited an increase in LTR staining of the border cells, a population of follicle cells that migrates toward the oocyte during mid-oogenesis ( Fig. 2A-B) . We quantified this phenotype by determining whether LTR staining was normal or increased in the border cells of each egg chamber analyzed (Fig. 2C ). We defined normal LTR staining as an even distribution of LTR staining throughout the egg chamber and increased LTR staining as a higher intensity of the LTR stain in the border cells relative to the remainder of the egg chamber. A chi square test confirmed that the border cells of vps26 B stage 9 egg chambers had significantly more LTR staining than wild type border cells (χ 2 = 10.782; p = 0.001). Additionally, we observed that some vps26 B stage 9 egg chambers exhibited strong LTR staining in the oocyte similar to the increased LTR staining observed in the border cells ( Fig. 2B ), but we did not find this to be significantly different from the control (data not shown). For all analyses, similarly staged egg chambers were compared and contrast settings were standardized for all images to accurately compare staining levels between vps26 mutants and controls (see Experimental Procedures for details).
Because the border cells are a subset of follicle cells, these cells have a functional copy of vps26, as the FLP/FRT method used to create germline clones primarily produces egg chambers with mutant germline cells. Thus, the LTR defect in wild type border cells suggests that this abnormality is the result of a signaling defect between the germline cells and follicle cells. Germline and follicle cell signaling is a process that drives border cell migration, and the proper functioning of signaling pathways is mediated by endocytosis (reviewed in Saadin and Starz-Gaiano, 2016; Huotari and Helenius, 2011) . Therefore, the increase in LTR staining of the border cells may indicate that vps26 mutants exhibit a higher turnover of signal/receptor complexes in the border cells, which could be caused by the overproduction or improper recycling of a signaling protein in the germline.
Vps26 is involved in the regulation of the Notch signaling pathway
To further elucidate how the vps26 B mutation affects germline and follicle cell signaling, we examined the expression of proteins involved in the Notch signaling pathway. Notch signaling plays a critical role in oogenesis, aiding in cell fate specification and controlling the anteriorposterior polarity of the oocyte (Ray and Schüpbach, 1996) . Because Notch signaling is additionally involved in follicle cell development and organization (Grammont, 2007 ) -a process that was defective in vps26 mutants -we identified this pathway as a strong candidate for explaining many of the defects observed in vps26 mutants. During Drosophila oogenesis, the Notch signaling pathway is activated by interaction with Delta (Blaumueller et al., 1997) , which binds to the Notch receptor and leads to multiple proteolytic cleavage events. This results in the release of the Notch intracellular domain (NICD) from membranes, allowing this domain to enter the nucleus and activate Notch target genes (Portin, 2002) . To visualize the expression of activated Notch in wild type and mutant egg chambers, we used the antibody C17.9C6, which labels the intracellular Notch domain. We found that the border cells of vps26 mutants exhibited a clear increase in NICD staining compared to wild type border cells (Fig. 3A-B) . Levels of NICD were quantified by using FIJI to calculate the ratio of the integrated density of the NICD fluorescent signal in the border cells compared to the total intensity of NICD fluorescence in the egg chamber. A t-test showed that NICD staining in the border cells was significantly higher in vps26 B stage 9 egg chambers (n = 11) than in wild type egg chambers (n = 13; p = 5.36 × 10 −5
). Similarly, we observed an accumulation of Delta in the membranes of the nurse cells surrounding the border cells in vsp26 mutants (Fig. 3C-D) . This phenotype was difficult to quantify because Delta expression varied greatly in vps26 B egg chambers; however, we never observed an accumulation of Delta in control egg chambers, whereas Delta accumulation was consistently observed in vps26 germline clones to varying degrees. These findings further suggest that the increase in lysosomal degradation of the border cells in vps26 mutants is the result of a signaling defect between the germline cells and follicle cells. Our observations suggest that the accumulation of Delta at the plasma membrane of nurse cells leads to an increase in Notch binding on the surface of border cells. This results in an increase in the processing of Notch into its intracellular and extracellular domains and a subsequent increase in the trafficking of Notch receptor domains into lysosomes. These data indicate a role for Vps26 in modulating N/Dl signaling, possibly via trafficking of Delta, Notch, or both. Interestingly, despite these signaling defects, border cells in vps26 mutants appeared to migrate properly during stages 8-9. Additionally, vps26 mutants exhibited no significant differences in the expression of Yan, a transcription factor that is involved in mediating border cell migration (data not shown). While Yan expression is affected by Notch signaling, its role in border cell migration is also controlled by inputs from other pathways such as the JAK/STAT and Receptor Tyrosine Kinase pathways (Schober et al., 2005) . Since multiple pathways are involved in the proper migration of the border cells during stages 8-9, it is possible that defects to Notch signaling in vps26 mutants do not result in migration defects in these border cells. We next examined Notch activation in columnar follicle cells to determine whether the increased NICD phenotype observed in the border cells was also apparent in other populations of follicle cells. Because Notch activation controls the expression of proteins involved in regulating follicle cell behavior, we reasoned that impairments to the Notch pathway may explain the follicle cell organization defects observed in vps26 mutants. Consistent with our observations in border cells, we observed that NICD accumulates in the columnar follicle cells of vps26 B germline clones (Fig. 4A-B) . When the columnar follicle cells were imaged with a higher magnification, we observed that NICD accumulated as small puncta in these cells during stage 10, whereas NICD was expressed at low levels in the follicle cell membranes in wild type egg chambers (Fig. 4A'-B' ). The accumulation of NICD in the columnar follicle cells further suggests that vps26 mutants exhibit impairments to the Notch signaling pathway, leading to the improper recycling of Notch proteins.
To test whether the accumulation of NICD in vps26 B columnar follicle cells affects downstream Notch targets involved in regulating follicle cell behavior, we examined the expression of Cut, which is a downstream effector of the Notch signaling pathway that is involved in mediating the mitotic cycle/endocycle (M/E) switch that occurs at stages 6/7. During the M/E switch, follicle cells transition from undergoing normal mitotic divisions to entering the endocycle, a cycle in which follicle cells duplicate their DNA but do not divide (Sun and Deng, 2007) . The M/E switch is initiated through the activation of Notch, which upregulates the expression of the transcription factor Hindsight from stages 7-10A and suppresses Cut, a protein that is involved in keeping follicle cells in the mitotic cycle. Notch is then downregulated from stages 10B-13, which consequently downregulates Hindsight and leads to the reexpression of Cut (Sun et al., 2008) . Therefore, when Notch signaling is intact, Cut should be expressed until stage 7, downregulated by Notch through Hindsight at stage 7, and re-expressed from stage 10B onward (Jia et al., 2014; Sun et al., 2008) . Examination of Cut expression during late oogenesis showed that while Cut was expressed in the columnar follicle cells in all wild type stage 10B egg chambers, Cut expression was absent in 73% of the mutant stage 10B egg chambers that we examined (Fig. 4C-D) . Together, these results argue that Vps26 is involved in regulating the Notch signaling pathway, probably by mediating the amount of Delta in the germline that binds to Notch in the follicle cells. When Notch signaling is prolonged in vps26 B mutants due to the accumulation of Delta in the germline and the subsequent overexpression of activated Notch in the follicle cells, the timing of the M/E switch is impaired, as indicated by the misexpression of the Notch downstream target Cut. Thus, Vps26 appears to be required not only for the proper expression of Delta and Notch, but also for the expression of other proteins in the Notch signaling pathway that mediate follicle cell development throughout oogenesis.
Stretch follicle cells and border cells are reduced in vps26 mutants
We next examined whether Notch misregulation in vps26 mutants has developmental consequences during oogenesis. Previous studies have shown that Notch is required for the flattening of stretch follicle cells during stage 9 and the timing of main body follicle cell displacement toward the oocyte (Grammont, 2007) . We used the nuclear protein and stretch follicle cell marker Eyes absent to detect the number of stretch follicle cells surrounding the nurse cells during stages 9 and 10, the stages during which the populations of main body follicle cells and stretch follicle cells can be distinguished. We found that vps26 mutants (n = 15) exhibited significantly fewer stretch follicle cells surrounding the nurse cells during stages 9 and 10 than the wild type (n = 16), indicated by a decrease in number of cells expressing Eyes absent ( Fig. 5A-B ; t = 2.04; p = 0.0028). Merged images of DAPI and Eyes absent staining confirmed that a decrease in Eyes absent staining in the mutants was in fact due to a decreased number of stretch follicle cells (Fig. 5A-B) . Due to the role of Notch in the differentiation of follicle cells, we next examined whether vps26 mutants exhibited a defect in border cell number during stage 9. In wild type egg chambers, the border cell cluster should contain approximately 6-8 cells, two of which consist of the polar cells (reviewed in Saadin and Starz-Gaiano, 2016) . We used DAPI staining to identify the number of border cells and polar cells in each egg chamber's migrating cluster and observed that vps26 B germline clones exhibited a lower average number of border cells than the control (Fig. 5C ). Staining with fasciclin 3 showed that there were no differences in polar cell number (data not shown), which suggests that the reduced number of migrating follicle cells in vps26 mutants is specifically due to a decreased number of border cells. A t-test confirmed that there were significantly fewer border cells in the mutants (n = 19) in comparison to the wild type (n = 21; t = 2.02; p = 0.005). These results are consistent with our previous finding that vps26 mutants have a decreased number of stretch follicle cells. Together, these data further suggest that vps26 is involved in mediating the Notch signaling pathway and that defects in Notch signaling between the germline and follicle cells result in aberrant follicle cell differentiation and behavior.
Dorsal appendage formation is defective in vps26 mutants
One important function of the stretch follicle cells during oogenesis is their involvement in the formation of the dorsal appendages, the two long filaments that begin to form in the dorsal anterior region of the egg chamber during stage 11. The stretch follicle cells provide a signal that patterns the anterior eggshell-forming cells and cues the columnar cells to secrete proteins involved in eggshell formation. This is accompanied by the apical constriction of approximately 65 dorsoanterior follicle cells that form the dorsal appendages by morphing into three-dimensional tube-like structures (Tran and Berg, 2003) . Because vps26 mutants exhibited a decreased number of stretch follicle cells, we examined the structure of the dorsal appendages to assess whether a decreased number of follicle cells has developmental consequences during the later stages of oogenesis (Fig. 6) . We found that vps26 mutants (n = 25) had significantly shorter dorsal appendages during stage 14 than the wild type (n = 25; t = 2.01; p = 1.90 × 10
−9
). While the dorsal appendages appeared to be long and filamentous in the wild type, these structures were thick and short in the mutants. These defective eggs virtually always had one or more attached nurse cells that had not fully degenerated. Additionally, many of the dorsal appendages in the mutant egg chambers were broken, indicating that these structures may be more fragile in the mutants. Because the formation of the dorsal appendages relies on signals provided by the stretch follicle cells (Tran and Berg, 2003) , the dorsal appendage defects that we observed in the mutants could be the direct result of a decreased number of follicle cells. ). A subset of persisting nurse cell nuclei are indicated by arrows.
While the decreased number of follicle cells may contribute to the formation of defective dorsal appendages, this phenotype may alternatively be the result of the misregulation of signaling pathways involved in dorsal/ventral patterning that are required for dorsal appendage formation. To address this, we examined the distribution of Gurken, a TGFα-like molecule involved in dorsal/ventral patterning that specifies the dorsal appendages through the activation of the EGFR pathway (Peri et al., 1999) . We observed no defects in Gurken expression in vps26 mutants, and Gurken correctly localized to the anterior-dorsal margin of the oocyte in mutant egg chambers (data not shown). However, because multiple different pathways (for example, the Jun-kinase pathway) are involved in dorsal appendage formation, it is possible that Vps26 is involved in a pathway that we did not examine, and thus we cannot conclude that the reduced number of stretch follicle cells in vps26 mutants is the sole cause of the dorsal appendage defects. Nevertheless, the dorsal appendage defects that we observed in vps26 mutants suggest that abnormalities in egg chamber structure during early oogenesis have developmental repercussions during the later stages of oogenesis.
Discussion
Characterization of the vps26 mutant phenotype in oogenesis indicates that Vps26 plays an important role in multiple aspects of Drosophila oogenesis. We posit that Vps26 is essential to mediating germline and follicle cell signaling indicated by the robust increase in LysoTracker staining of the border cells in almost all of the mutant egg chambers we examined. Because we created vps26 B germline clones with mutant germline cells and wild type follicle cells, the increased lysosomal degradation of the border cells can only be explained by a defect in germline and follicle cell signaling, since the border cells have a functional copy of vps26 and therefore a wild type phenotype. Our Notch expression experiments further support the notion that Vps26 plays a role in germline and follicle cell signaling due to the accumulation of Delta in the nurse cells of vps26 mutants and the increased processing of Notch in follicle cells. Based on these expression patterns, we believe that Vps26 is responsible for trafficking Delta to different parts of the cell and mediating how much signal is available to bind to Notch receptors in the follicle cells. Thus, when Vps26 is absent, an accumulation of Delta in the plasma membrane of nurse cells leads to an increase in the amount of Delta that binds to Notch in the border cells, followed by a subsequent increase in the degradation of components of the signal-receptor complex in the border cells. Furthermore, while Vps26 may play a role in regulating other signaling pathways in addition to the Notch pathway, the observation that the expression of Gurken -a protein involved in the EGFR signaling pathway -was not affected in the mutants suggests that Vps26 may be fairly specific with regard to its effects on protein trafficking.
The role of Vps26 in the Notch signaling pathway is further supported by the observation that Cut -a downstream effector in the Notch signaling pathway -is misexpressed in the follicle cells of vps26 egg chambers. We observed that Cut was not re-expressed during stage 10B of oogenesis when its expression should be induced. Based on these data, we propose that the increase in Delta expression and subsequent increase of intracellular Notch activation in the follicle cells of vps26 mutants leads an inhibition of Cut expression. This proposed relationship between intracellular Notch and Cut is consistent with a study performed by Sun et al. (2008) , who observed that the misexpression of intracellular Notch blocked Cut expression during late oogenesis. Based on this finding, the authors concluded that downregulation of Notch signaling in the follicle cells is necessary for the re-expression of Cut in late oogenesis. Together, these lines of evidence suggest that Vps26 is necessary for the proper expression of multiple proteins involved in the Notch pathway throughout oogenesis, probably by modulating the amount of Notch/Delta signaling between the germline and follicle cells.
While Vps26 appears to play an important role in regulating the Notch signaling pathway, we have not yet established the mechanism through which Vps26 interacts with Delta in the germline. Belenkaya et al. (2008) showed that in Drosophila wing discs, Vps35 colocalizes with Wls in endosomes to recycle Wls to the TGN. Thus, if Vps26 interacts with Delta through a similar mechanism during oogenesis, we would expect that Vps26 would transport Delta to other organelles in the vesicular pathway via endosomes. Future studies should examine whether Delta colocalizes with early or late endosome markers like Rab5 or Rab7. In the present study we attempted to visualize endosome markers in vps26 mutants, but we were not able to detect any notable differences between the mutants and the control (data not shown). It would be valuable to use a Rab5-or Rab7-GFP driver to better visualize the expression of endosome markers and their interaction with Vps26.
Another primary finding of our study was that there were significantly fewer stretch follicle cells and border cells in vps26 mutants. There are at least two possible mechanisms that could result in this effect. First, because Notch is involved in the differentiation of stretch follicle cells and border cells, the reduced number of follicle cells could be an indirect consequence of improper Notch activation in vps26 mutants. The aberrant numbers of specialized follicle cells could be the result of disruptions to the mitotic cycle/endocycle switch, whose proper functioning requires that Notch is downregulated during the later stages of oogenesis (Sun et al., 2008) . If this were the case, we would expect to see fewer border cells emerge from the anterior end of the egg chamber during stage 8. The second possibility for the decreased number of border cells and follicle cells is that there is proper differentiation of the follicle cells, but these cells then undergo inappropriate autophagy. In this case, we would expect to see the proper number of border cells and stretch follicle cells during the stages in which these follicle cell populations become distinct (stages 8 and 9, respectively), but subsequently, some of these cells would undergo premature cell death. On a related note, we observed that persisting nurse cells are associated with most vps26 eggs, suggesting that autophagy in both the germline and follicle cells may be affected by Notch signaling. This notion is supported by a recent report tying Notch signaling during oogenesis to disruptions in germline autophagy (Barth et al., 2012) .
In addition to its involvement in the Notch signaling pathway, Vps26 was also shown to play a role in maintaining cortical actin integrity, as some vps26 B mutants exhibited multinucleated nurse cells indicated by a lack of actin separating individual nurse cells. We did not observe this phenotype in all mutant egg chambers, which suggests that this component of the vps26 B phenotype is not fully penetrant. It would be interesting to further examine this phenotype to determine the role of Vps26 in regulating actin and plasma membrane growth and maintenance. Finally, our results are consistent with a study by Gomez-Lamarca et al. (2015) that showed that Vps26 is involved in regulating Notch expression in Drosophila wing discs. Our finding that Vps26 is similarly involved in regulating Notch signaling in oogenesis suggests that the retromer complex may be required for proper Notch signaling throughout multiple stages of Drosophila development. Because the Notch signaling pathway is highly conserved in most animals and plays a multifaceted role in development, the identification of Vps26 as a regulator of this pathway may help broaden our understanding of the mechanisms through which this pathway is controlled. Additionally, the retromer complex is conserved in humans and retromer dysfunction has been implicated in disease; thus, perhaps the relationship between the retromer complex and the Notch signaling pathway in humans could be further studied to gain insight into how retromer dysfunction leads to pathogenesis.
Experimental procedures
Drosophila strains and genetics
All stocks were raised and cultured at 25°C. For all control experiments, the strain w 1118 was used. bath (37°C) for 1 h, three days in a row, during the pupae stage. This activated the site-specific recombinase FLP to induce a mitotic recombination, which produced daughter cells either homozygous for the ovo D mutation or homozygous for the vsp26 B mutation (Perrimon, 1998) .
Immunofluorescence and microscopy
Females examined through fluorescence microscopy were fattened with yeast 2-3 days prior to use. Ovary tissue was dissected in 1X PBSXT (1X PBS + 0.1% Tx-100 + 0.05% Tween-80) and fixed with 37% formaldehyde, diluted 4:21 in 1X Ephrussi buffer (Clough et al., 2014) . Tissue was then washed with 1X PBSXT and incubated in blocker solution (1X PBSXT + 0.1% BSA) for 5 h. After blocking, ovary material was incubated in primary antibody overnight. The following primary antibodies were used: eya10H6 (1:1000, mouse), anti-intracellular Notch C17.9C6 (1:50, mouse), anti-Delta C594.9B (1:1000, mouse), and anti-Cut 2B10-s (1:80, mouse). All primary antibodies were obtained from Developmental Studies Hybridoma Bank. Tissue was then washed with wash buffer (1X PBSXT + 0.1% BSA) and incubated in secondary antibody (1:2000) for 2 h. The following secondary antibodies were used: anti-mouse Alexa Fluor-488, goat anti-mouse Alexa Fluor-594, and goat anti-rat Alexa Fluor-488. Actin staining was simultaneously performed with Phalloidin (Alexa Fluor-488, Alexa Fluor-594, or Alexa Fluor-647) diluted 1:100. Tissue was then stained with 1 μg/mL DAPI in wash buffer for 10 min.
The protocol for staining fixed tissue with LysoTracker Red was adapted from DeVorkin and Gorski (2016) . Ovaries were dissected in 1 × PBS and incubated in 50 μM LysoTracker for 3 min. Tissue was washed with PBS and fixed with 4% formaldehyde for 10 min. Tissue was then washed with 0.1% Triton X-100 and either mounted to a coverslip or incubated with a primary antibody as previously described.
All images were produced with a Leica confocal microscope using either a 20 × objective or a 40 × objective with immersion oil. Images were analyzed with FIJI (ImageJ) and contrast levels were matched to allow for direct comparison of fluorescence staining between vps26 mutants and controls. Statistical analyses were performed with SPSS.
